An overview on recent progress in grain boundary (GB) diffusion study is presented with emphasis on physical phenomena encountered in GB diffusion experiments such as the linear and non-linear segregation effects. Systematic investigations on pure and alloyed poly-and bicrystals gave conclusive information on the solute segregation behavior and allowed to extract the segregation isotherm solely from GB diffusion studies. Recent progress in fundamental understanding of diffusion processes in two-scale materials with two types of short-circuit diffusion paths is discussed on the basis of GB self-diffusion experiments and Monte-Carlo simulations in powder sintered nanocrystalline material.
Introduction
Knowledge of grain boundary (GB) diffusion characteristics of structural materials is important for many technological applications. For example, the durability of interconnections in microelectronics is often limited by electromigration of impurities along the GBs. GB segregation and/or co-segregation of solute atoms involved in solute GB diffusion are very important processes for understanding e.g. GB decohesion, Coble creep, and phenomena such as prewetting and wetting of GBs. 1) The fundamentals of GB diffusion are at present well elaborated and were outlined e.g. in.
1) The experimental results on GB diffusion existing in the literature up to the end of 80th were collected and critically reviewed in the handbook of Kaur, Gust, and Kozma. 2) Since the latest reviews on this subject, 3, 4) some new and important results were obtained, both concerning experimental results and fundamental understanding of GB diffusion and linear and non-linear segregation. The present 'state of the art' in GB diffusion study was presented in a recent textbook 5) with an emphasize on the orientation dependence of the GB diffusivity P in bicrystals.
In the present review we put highlight into the segregation behavior and especially into the appearence of non-linear segregation of solutes derived and quantified by GB diffusion experiments. In Chapter 2 this problem will be analyzed for Ag GB diffusion in pure and alloyed Cu poly-and bicrystals. In Chapter 3 the fundamentals of GB diffusion in a two-scale material will be outlined on the grounds of new GB diffusion experiments and Monte-Carlo simulations in such material and a classification of possible diffusion regimes will be reviewed for the case of coexistence of differently fast diffusion paths.
GB Diffusion and Linear and Non-linear Segregation
Typically, GB diffusion experiments are performed in Harrison's B regime. 6) In this case the so-called triple product P can be determined from the experimental solute penetration profiles, P ¼ s Á Á D gb . Here s is the solute segregation factor, the GB width, and D gb the GB diffusivity. This determination of P from GB diffusion penetration profiles assumes that the segregation factor s, which is defined as the ratio of the solute concentration in the GB c gb and in the bulk c v ð0Þ just near the GB,
does not change along the corresponding (deepest) part of the penetration profile. This means that in the case of solute GB diffusion in a pure metal the tracer concentrations c gb and c v ð0Þ have to be sufficiently small to satisfy the dilute limit conditions. In Ref. 7 ) the absolute concentrations of the Ag tracer atoms in GBs of polycrystalline Cu, c gb , were calculated from the measured specific radiotracer activity of the layer sections along the GB diffusion profiles. It was shown that c gb ( 1 at the penetration profile depths where the GB diffusivity P was evaluated. The value of the GB width seems to be well-defined and existing estimates indicate that can be approximated as ' 5 Á 10 À10 m in FCC metals, e.g. Ag. 8, 9) Therefore, the measurements in the B regime kinetics yield the product s Á D gb (supposing that is known) but not these values separately. Since the segregation factor s varies remarkably with temperature and can be very large (see below), one can conclude practically nothing about the GB diffusivity D gb itself from the measurements of the P values. In Fig. 1 the data on P in Cu and Ag matrices are collected for the solutes, for which s and D gb were determined separately (see below). Excluding Te and Se in Ag, other solutes show P values similar to those for self-diffusion in Ag or Cu. Thus, it is of fundamental importance to determine separately s and D gb in thermodynamical equilibrium conditions.
The segregation characteristics can be determined from the direct Auger measurements. 14, 15) In this case the sample has to be fractured in situ along a GB. This procedure limits the application of the method only to brittle materials, as e.g. to Fe or Fe alloys. 16, 17) No such data exist for ductile materials e.g. Cu. Furthemore the sensitivity of the Auger technique is limited and a considerable fraction of a monolayer of segregated solute is required for detection.
On the other hand, the equilibrium segregation factor s, eq. (1), can be determined by specially designed GB diffusion experiments.
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Essence of B-C type diffusion measurements
Investigation of solute GB diffusion presents an elegant way to determine equilibrium segregation characteristics in the dilute limit by applying the Harrison 6) B and C regime GB diffusion measurements in the same material. 1) This approach has already been successfully applied to several Cu-and Ag-based systems, see e.g. 7, [11] [12] [13] The GB diffusivity D gb can be directly determined in C regime conditions, when the tracer is exclusively allocated in GBs. The type C measurements require extremely high sensitivity of the counting facilities and the use of radiotracer with a high specific activity. Then, measuring also the triple product P ¼ s Á Á D gb in the B regime and taking ' 5 Á 10 À10 m, 9) the segregation factor s can be determined as
usually by extrapolating the P values to low temperatures of the C-type measurements of D gb . 12) Consequently the segregation enthalpy H s therefore is obtained as the difference of the activation enthalpies of the B and C regime data:
The results on solute segregation and directly measured GB diffusivities D gb in Cu and Ag matrices are presented in Figs. 2 and 3 , respectively. In dependence on the solute and the matrix the segregation factors varying from about 2 to 10 5 were measured, Fig. 2 . Although the triple products P of solute diffusion are generally larger than those of selfdiffusion, Fig. 1 Fig. 1 Arrhenius plot of the product P of self- 9, 10) and solute diffusion in Ag (Ni, 11) Te, 12) and Se, 11) dashed lines) and Cu of two purity levels, 5N (Au, 13) dotted lines) and 5N8 (Ag, 7) solid lines). Self-diffusion data (superindex 'sd') are presented by thick lines. Fig. 3 Arrhenius plot of directly measured GB diffusivities D gb of Ag 7) in 5N8 Cu (solid lines), Au 13) in 5N Cu (dotted line) and of Ni, 11) Te, 12) and Se 11) in Ag (dashed lines). The self-diffusivities of the corresponding matrices (superindex 'sd') are also presented by the thick lines. diffusion in Ag, which was explained by the segregation of Ni atoms not directly in the GB core, but to the adjacent lattice plane(s). 11, 18) While analyzing Figs. 1 and 3 one has to take into account that Cu matrices of two different purity levels were investigated in 7) and 13) and that the content of residual sulfur impurity influences remarkably GB selfdiffusion in high-purity Cu.
10)

C-type measurements of Ag GB diffusion in Cu
Recently the Hwang-Balluffi method was successfully applied to study Ag GB diffusion in Cu in the C regime conditions. 19) This permeation method does not yield the GB diffusivity D gb but the product ! 0 ¼ s Á Á D gb =s s Á s , where s is the width of the segregated layer and s s is the surface segregation factor. 19) The comparison with the results of the B-type measurements of P ¼ s Á Á D gb yielded the surface segregation enthalpy of about À34 kJ/mol. 19) Unfortunately, one cannot extract the GB segregation factor and the corresponding segregation enthalpy from such measurements.
On the other hand the Ag GB diffusivity D gb in Cu was directly measured in Ref. 7) . The activation enthalpy H s of Ag GB segregation in Cu was deduced to be À39:5 kJ/mol. The results of the two investigations are compared in Fig. 4 . It is obvious that the values of ! 0 are systematically smaller than D gb by about two orders of magnitude, although the corresponding activation enthalpies are very similar.
2.3
Additional interfering effects in the B-type measurements It is common practice to consider the most deep tails of the GB diffusion penetration profiles for deducing P or D gb values. Very often however the penetration profiles measured in the B regime conditions turn out to be remarkably curved, see e.g. the penetration profiles of Ag GB diffusion in polycrystalline Cu, Fig. 5 . A variety of different factors may affect the profile shape. For example, if the GB concentration of the solute is increased above the dilute limit level and c gb approaches a saturation level, non-linear solute segregation behavior has to be taken into account.
21) The effect of nonlinear segregation on the GB diffusion profile shape has already been analyzed. 22, 23) Moreover, motion of a fraction of GBs during the diffusion anneal 24) and/or the existence of a spectrum of GBs with different diffusional characteristics, 25, 26) may result in a curvature of the penetration profiles. To establish reliably the physical nature of the processes coming into play in given experimental conditions, supplementary experiments are required, which involve the investigations of the temperature dependence of the profile curvature, effects of alloying on GB diffusion and segregation, and specially designed experiments on bicrystals. Especially the experiments on pure and alloyed bicrystals will provide an decisive answer in some situations, as will be shown below. Fig. 4 Arrhenius plot of GB diffusion parameters measured in the B (P ¼ sD gb (circles) 7) and (dotted line) 20) ) and C (P ¼ D gb (squares) 7) and P ¼ ! 0 (triangles) 19) ) regimes. 
Influence of moving boundaries on GB diffusion
The effect of moving boundaries was systematically studied using different tracers in Cu matrices of different purities. 27) If a fraction f ðmovÞ 6 ¼ 0 of GBs moves during the diffusion anneal, the GB diffusion-related part of the penetration profile can be presented by a sum of two exponentials: 24) cðy; tÞ
The first term with the parameters q 1 and q 2 describes the contribution of the moving GBs, whereas the second term represents diffusion in stationary GBs in type B conditions (q 3 and q 4 ). Using the fitted values of the parameters q i , the average GB velocity V and the fraction of the moving GBs f ðmovÞ can be evaluated as 24) V
and
respectively. Here, P is the GB diffusivity calculated from q 4 . The quantities V and f are the matrix related properties and should be mostly independent of the nature of the solute tracer in the dilute limit.
Our quantitative analysis of a larger series of type B diffusion profiles in Cu indeed yields reproducible results for a strongly segregating solute, like Ag, a slightly segregating solute, e.g. Au, and for GB self-diffusion experiments in polycrystalline Cu, Fig. 6 . We conclude that it is GB motion that dominantly influenced the penetration profiles in Ref. 7) . Therefore, non-linear segregation plays no distinct role in our experiments on polycrystalline Cu, 7) since the absolute tracer concentrations definitely range within the dilute limit in these experiments.
GB diffusion in alloys (Ag in Cu)
To provoke non-linear segregation effects one can alloy inactive solute element to the matrix. Subsequent solute radiotracer GB diffusion experiments will proceed under the boundary condition that the segregation factor in the alloy,
is not changed along the GB penetration profile, s alloy ¼ const for the given conditions and depends on the total concentration of the solute in the matrix. 28, 29) Equation (6) can be applied, since the isotope equilibrium with respect to radiotracer and inactive solute atoms is expected to be maintained between the GB and the adjacent lattice at any depth. 29) Generally, when changing the volume concentration of a solute, a non-linear dependence of c gb on c v is expected 30) and s alloy will differ from the corresponding segregation factor s pure measured in pure metal (s alloy s pure ). Bernardini et al. 20) used eq. (6) to determine the segregation behavior of Ag in an Cu(Ag) alloy. As a result they measured the enrichment factor b appearing in the McLean isotherm 30) (for the difference between b and the segregation factor s see Ref. 7) ). Measurements only performed in the B kinetic regime were required in that approach. The segregation enthalpy was found to be À37 kJ/mol 20) in agreement with the B-C type GB diffusion measurements. 7) A closer inspection of the profiles measured for the Cu-0.09 at%Ag alloy 20) however reveals that they are partly curved (especially at the two highest temperatures). These features were not analyzed so far. Moreover, no direct measurements of D gb in an alloy existed untill very recently.
C regime GB diffusion measurements in an alloy
GB diffusion measurements in the Cu-0.2 at%Ag alloy in the C regime were carried out for the first time in Ref. 31 ). In Fig. 7 , the results of Ag GB diffusion in the Cu-0.2 at%Ag alloy are plotted together with the previous data on Ag GB diffusivity D gb 7) in high-purity Cu. Both data sets are almost identical. The following Arrhenius dependence is established for Ag GB diffusion in the Cu(Ag) alloy:
Very similar values of the pre-exponential factor D pure 0
À4 m 2 /s and the activation enthalpy Q pure gb ¼ 108:6 kJ/mol were found for Ag GB diffusion in pure Cu. 7) Thus, direct measurements show that the Ag GB diffusivity in pure Cu and in the Cu-0.2 at%Ag alloy is the same within the limits of the experimental errors. 
B regime measurements in an alloy
The penetration profiles measured for Ag GB diffusion in the Cu-0.2 at%Ag alloy turned out to be remarkably curved, The profile curvature cannot be explained by direct bulk diffusion since the volume penetration depths amount to only a few micrometers. As it was already mentioned, several factors can potentially give rise to the curvature of penetration profiles: e.g. (i) GB motion; 24) (ii) existence of a wide spectrum of GBs with different diffusivities; 25, 26) (iii) nonlinear segregation of solute atoms. 21, 22) Careful analysis proved that a hypothetically assumed motion of GBs does not dominate the curvature of penetration profiles in the Cu-Ag alloy, since the corresponding fractions of moving GBs would increase with decreasing temperature, a result which is physically unreasonable.
Furthemore it was hypothetically supposed 31) that the curvature of the penetration profiles in Fig. 8 originates from the presence of GBs with very different diffusivities P in the Cu(Ag) alloy. Although the GB diffusivities P may form a continuous spectrum, for simplicity the profiles were fitted by a sum of two Suzuoka solutions: 32) cðy; tÞ
In this approximation it is assumed that only two classes of GBs with different diffusivities dominate the GB diffusion penetration, with ''regular'' (A and q) and fast (A fast and q fast ) diffusivities. The parameters q and q fast determine the triple products P alloy and P alloy fast , respectively, whereas the fraction f of the GBs with a regular diffusivity can be calculated as
The temperature dependencies of P alloy and P alloy fast are plotted in Fig. 9 . It is seen that in spite of the crude approximation introduced by eq. (8), P alloy and P alloy fast vary systematically with temperature and the following Arrhenius dependencies can be established:
The difference between P alloy and P alloy fast may result from the difference in the respective s and/or D alloy gb values, since it is reasonable to assume that is almost constant.
In Ref. 25 ) the curvature of the penetration profiles of Zn GB diffusion in Al was explained by the presence of largeangle GBs with remarkably different diffusivities D gb . This effect is not relevant in the present case, since the fraction of GBs showing different diffusivities does not remain independent on temperature but changes regularly with temperature. The key arguments which lead to the conclusion that the variations in P are due to variations in s however come from GB diffusion experiments on Cu bicrystals. 
GB diffusion in bicrystals (Ag in Cu)
Cu bicrystals with orientations close to the AE ¼ 5ð310Þ½001 GB were used. 31) The tilt angle ¼ 36:0 is reasonably far away from the exact AE5 misorientation ( ¼ $ 36:9
) to result in a GB diffusivity being similar to that of random large-angle grain boundaries in polycrystalline Cu. 33) An Ag penetration profile measured on the bicrystal at T ¼ 723 K is shown in Fig. 10 . From the Ag concentration in a layer section -known from the specific rediotracer activity -the absolute Ag concentration in the bulk adjacent to the GB, c v ð0Þ, was deduced. 31) Multiplying this value by the known segregation factor s for the dilute limit (determined in 7) ), an upper estimation of the Ag tracer concentration within the GB was obtained as s Á c v ð0Þ, Fig. 10 . (The real Ag GB concentration can be smaller than s Á c v ð0Þ in the case of non-linear segregation.) The amount of Ag tracer in the single boundary of the bicrystal was found to be remarkably higher than that in high-purity polycrystalline Cu when applying the same initial surface activity. This fact was explained 31) by surface diffusion which drives a significant amount of tracer atoms to the single GB in case of a bicrystal versus a distribution over a large number of GBs in a polycrystal. As a result, the penetration profile in the bicrystal is substantially curved, a circumstance which becomes especially pronounced due to the large depth of profile detection (up to 700 mm). If the profile in Fig. 10 is processed according to eq. (8), the values of the GB diffusivity P bi slow and P bi (corresponding to the slow and fast diffusivity parts, respectively) can be determined. These values are shown in Fig. 9 by filled (P bi slow ) and open (P bi ) squares. Good agreement is observed with the data measured in the polycrystalline Cu-Ag alloy and in the pure Cu bicrystal, which indicates that the origin of the complex profiles in the Cu-Ag alloy and in the pure Cu bicrystals is the same. Measurements at other temperatures and in prealloyed Cu bicrystal supported this conclusion, Fig. 9 .
This common cause cannot be due to a multiplicity of GB structures, because Au GB diffusion in the same Cu near AE5 bicrystal 33) produces a nearly perfect type B penetration profile (Fig. 10) . The profile curvature for Ag diffusion therefore originates from the much larger segregation factor for Ag in Cu than for Au in Cu (Fig. 2) .
Thus, the curvature in the Ag penetration profile in Fig. 10 results from non-linear segregation.
Segregation isotherm of Ag in Cu
Having measured the Ag penetration profile of the quality given in Fig. 10 , one can determine the segregation isotherm for Ag in Cu at T ¼ 723 K from the GB diffusion measurements only. This has been done in the following steps:
1. The segregation factor for the deepest part of the profile (representing Henry type conditions) was calculated from the Arrhenius dependence established in pure Cu. 7) 2. Since the specific activity of the tracer was fairly precisely known, the absolute bulk concentration of the Ag tracer adjacent to the GB, c v ðyÞ, was estimated as function of the depth y. (Fig. 7) and because there exists no variation of P along the Au penetration profile in the same bicrystal (Fig. 10) , it is reasonable to assume that D gb ¼ $ const along the Ag penetration profile. 4. When applying the Fisher model 34) and introducing the segregation isotherm c gb ¼ gðc v Þ, the GB concentration of the Ag tracer follows the equation:
Here Fig. 11 . We note as important progress that one can determine the segregation isotherm already starting from very small GB concentrations by using very sensitive radiotracer GB diffusion measurements with a suitable tracer on bicrystals.
GB segregation of Ag in pure and alloyed Cu
In Fig. 9 the data on Ag GB diffusion in Cu-0.2 at%Ag alloy are compared with the results on Ag GB diffusion in high-purity Cu.
7) It is seen that the diffusivity P (cf. Fig. 7 and thus s alloy < s pure . It is not unusual that segregated atoms do not cover uniformly all GBs in a polycrystalline sample. In Ref. 35 ), a broad distribution of the amount of Bi atoms segregated at GBs in polycrystalline Cu was reported using high-resolution transmission electron microscopy. While part of the Cu GBs was covered by Bi atoms, it was impossible to detect Bi segregation in other GBs. 35) Furthermore, in an Auger Electron Spectroscopy study a sample has to be fractured in situ along GBs to determine the segregation characteristics. The sample is more likely to brake along GBs with a higher concentration of segregated atoms (which usually induce GB brittleness), while less segregated GBs cannot be studied.
Having determined the Cu(Ag) alloy diffusivity in the C kinetics, D alloy gb , and in the B kinetics, P alloy , it is possible to calculate the segregation factor in the alloy, s alloy , as a function of temperature using eq. (2). According to the CuAg phase diagram, 36) 0.2 at% of Ag in Cu corresponds to the solid solubility limit at T $ 550 K. This means that the B regime measurements 31) were completely performed in the interval of Ag solid solution in Cu.
In order to determine s one cannot, as usual, extrapolate the P values to low temperatures, since the bulk solubility limit would be approached and the precipitation enthalpy may become involved. Thus, the D alloy gb values were extrapolated to higher temperatures having in mind that D alloy gb corresponds to the solid solution of Ag in Cu (Fig. 12) . The segregation of Ag in Cu-0.2 at%Ag alloy can be presented by the following Arrhenius dependence:
These values correspond to the GBs significantly covered with segregated Ag atoms.
Classification of Diffusion Kinetics in Two-scale Materials
Harrison's classification 6) of diffusion processes in GBs is based on the classical Fisher's model. 34) Three regimes are introduced, A, B, and C in dependence on the given diffusion parameters. 6) Two of them (B and C) were partially described above. This classification was refined introducing subregimes A 0 , B 1 , B 2 , B 3 , B 4 , and C 0 for GB diffusion in poly-and bicrystals. 1) However, in real materials different types of short-circuit diffusion paths can co-exist, a fact which modifies diffusional transport. For example, in presence of a dislocation network tracer outdiffusion from GBs can occur at first along adjacent dislocation pipes with subsequent outdiffusion into bulk. Or, if each grain consists in a number of subgrains, the existence of both large-angle and small-angle boundaries should be taken into account. This was recognized by Klinger and Rabkin and they introduced new D i regimes. 37) Recently, a new, more transparent classification was introduced which explicitely reflects the existence of two types of short-circuit diffusion paths in the material. [38] [39] [40] This classification refers to the microstructure which is presented in Fig. 13(a) and is sketched in Fig. 13(b) . This microstructure was observed in the nanocrystalline -FeNi material produced by compacting and sintering the powders of Fe and Ni oxides. 39, 41) The individual nano-scale grains (d ' 80{100 nm) are arranged in micrometer-size clusters or agglomerates (d a ' 30{50 mm). Accordingly, nanocrystalline GBs (intra-agglomerate boundaries) exist along with the inter-agglomerate boundaries.
3.1 Basic equations of GB diffusion in a two-scale material Three diffusion fluxes generally coexist in such two-scale nanocrystalline material, Fig. 13(b) : (i) direct bulk diffusion from the external surface into grain interior, c 1 , (ii) diffusion along nanocrystalline boundaries with subsequent outdiffusion into bulk, c 2 , and (iii) fast diffusion along interagglomerate boundaries with subsequent outdiffusion in the adjacent nanocrystalline GBs, diffusion along these GBs, and final outdiffusion into bulk of the grains, c 3 .
The flux c 3 is specific for such two-scale structure. To describe the term c 3 ðy; tÞ the Fisher model 34) was reformulated for inter-agglomerate boundary diffusion from a constant source. 40) The tracer concentrations c v ðx; y; tÞ in the bulk, c gb ðx; y; tÞ in nanocrystalline grain boundaries, and c a ðx; y; tÞ in inter-agglomerate boundaries are to be considered. The analytic solution was derived under following approximations (see Fig. 13(c) ):
1. Diffusion in the nanocrystalline grains (bulk diffusion) occurs primarily normal to the local position of the GB, i.e. in the y direction in Fig. 13(c) , c v ðx; y; tÞ ¼ c v ðy; tÞ. The direct bulk diffusion from the surface into the grain is assumed to be negligible.
The relationship
is supposed to be valid. Here D a is the diffusion coefficient of the inter-agglomerate boundaries, D gb the diffusivity of nanocrystalline GBs, and D v the bulk diffusivity. Thus, the tracer atoms enter the GB slabs only by leaving the inter-agglomerate boundary along the x direction, while direct GB diffusion along the nanocrystalline GBs from the surface is neglected. Thus, c b ðx; y; tÞ ¼ c b ðx; tÞ. Moreover, the condition @c b ðx; tÞ=@t % 0 is assumed when describing bulk diffusion. The latter means that outdiffusion from the Grain Boundary Diffusion in Metals: Recent Developmentsnanocrystalline GBs into the bulk occurs in nearly constant-source conditions. 3. With respect to GB diffusion, the tracer distribution within the inter-agglomerate boundaries is established within a very short period of time and the relations c a ðx; y; tÞ ¼ c a ðy; tÞ and @c a ðy; tÞ=@tj t> % 0 is assumed. Considering the interfaces as homogeneous slabs with the given diffusivities and the given widths, Fig. 13(b) , the following equations can be written for the concentrations c a , c b , and c v : 
Here J b and J v are the fluxes of tracer atoms leaving the interagglomerate boundary through adjacent nanocrystalline GBs and the bulk, respectively. The factor takes into account that outdiffusion from an inter-agglomerate boundary takes place only through regions where nanocrystalline boundaries (of the width ) cross the inter-agglomerate boundary. For cubic grains ¼ 2=d, while in a general case of a polyhedral grain shape ¼ 2d . A nomenclature combining two symbols, each one for the given type of boundaries, was introduced, for example a C-B regime. The first letter (in this example, C) indicates the diffusion regime in nano-GBs while the second one (B) diffusion regime in inter-agglomerate interfaces. The combined diffusion regimes depend on the standard parameters , , and Ã for nano-GB diffusion,
and new parameters a , a , and Ã a for inter-agglomerate boundary diffusion (see below). Generally, the segregation factor s also enters these expressions, but the case of self-diffusion is considered here, s ¼ 1. Large values of ( > 1) correspond to the conditions of negligible volume diffusion in which the diffusion process is confined to the interfaces of the thicknesses and a . Otherwise, if < 0:1, bulk diffusion is strongly involved in the overall diffusion process.
The C-C diffusion regime
To satisfy the conditions of this regime very low temperatures and short diffusion times should be chosen that would suppress any outdiffusion from both types of interfaces. The conditions of the C-C regime are:
These conditions mean that tracer atoms do not leave both nanocrystalline and inter-agglomerate boundaries. For the instantaneous source conditions, the overall diffusion profile cðy; tÞ is represented by a sum of two Gaussians
which define the diffusivities D gb and D a by standard expressions: 4 and
3.3 The C-B diffusion regime As the temperature increases, tracer atoms can leave interagglomerate boundaries by outdiffusion along adjacent nanocrystalline boundaries. Since bulk diffusion is still frozen out, the tracer will then diffuse only along nanocrystalline GBs. The conditions of the C-B diffusion regime are:
Here L gb is the diffusion length along the nanocrystalline GBs,
38) The diffusion process is confined to nano-GBs and inter-agglomerate boundaries. The overall diffusion profile cðy; tÞ is:
The first term, c 2 ðy; tÞ ¼ q 3 expðÀq 4 y 2 Þ, corresponds to direct diffusion from the surface into nanocrystalline GBs, which occurs in the C regime, while the second term, c 3 ðy; tÞ ¼ q 5 expðÀq 6 y 6=5 Þ, represents a faster diffusion mode from the surface into inter-agglomerate boundaries with subsequent outdiffusion into adjacent nanocrystalline GBs. Since this outdiffusion is quite significant, ffiffiffiffiffiffiffiffiffi D gb t p ) a =, the formal B-type conditions of interface diffusion are fulfilled for the term c 3 ðy; tÞ.
39) The parameter q 4 allows to calculate the diffusivity of nano-GBs, D gb , and the interagglomerate boundary diffusivity P a ¼ a Á D a = is defined as solution of eqs. (16)- (18) in the given conditions:
Penetration profiles measured for Ni diffusion in nano--Fe-Ni in the B-C regime along with the fits according to eq. (24) are presented in Fig. 14. 
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The B-B diffusion regime
If temperature increases further, the bulk diffusion flux becomes more significant and cannot be neglected. As a result, three diffusion modes contribute to the overall penetration profile cðy; tÞ:
Here c 1 ðy; tÞ ¼ q 1 expðÀq 2 y 2 Þ represents the contribution of direct volume diffusion from the sample surface into the nano-grains, c 2 ðy; tÞ ¼ q 3 expðÀq 4 y 6=5 Þ corresponds to the tracer which comes into the bulk through GB diffusion along nanocrystalline boundaries with subsequent outdiffusion into the grain interior, and c 3 ðy; tÞ ¼ q 5 expðÀq 6 yÞ represents the amount of tracer which diffuses along inter-agglomerate boundaries with subsequent outdiffusion to nano-boundaries and then into the grains. Since the bulk diffusion length is smaller than grain size, ffiffiffiffiffiffiffi D v t p < d ' 100 nm, the first term cannot be measured by the conventional radiotracer method and the experimental profiles should be fitted with four unknown parameters q 3 , q 4 , q 5 , and q 6 .
The term c 2 ðy; tÞ in eq. (26) corresponds to GB diffusion in the B regime. The last term c 3 ðy; tÞ yields the product P a ¼ a D a = for inter-agglomerate boundary diffusion in the B-B kinetic regime as it was derived by solving eqs. (16)- (18):
The parameters 0 a and 0 a , which characterize the B-B regime have to be redefined as 40 )
The formal conditions of the B-B diffusion regime are determined by the relations:
is the diffusion length along nano-GBs. Monte-Carlo simulation of combined inter-agglomerate boundary, nanocrystalline GB, and bulk diffusion in the case of cubic grains resulted in almost linear dependence of ln c against y n with n ¼ $ 1:05 AE 0:02.
40)
Therefore n can be well approximated by unity and the diffusivity P a of the inter-agglomerate boundaries can be reliably calculated from eq. (27) . Typical penetration profiles measured for Ni diffusion in nano--Fe-Ni along with the fits according to eq. (26) are presented in Fig. 15. 
The A-B diffusion regime
As the annealing temperature increases further, the bulk diffusion flux increases until the condition ffiffiffiffiffiffiffi 
Here f gb is the volume fraction of the nanocrystalline GBs, which is f gb ¼ g d
(where g is a geometrical factor of about unity). Taking into account that in typical case D eff ) D v , eq. (30) becomes
Then, the penetration profile is composed of two parts:
Here c 12 ðy; tÞ ¼ q 1 expðÀq 2 y 2 Þ represents the contribution of direct diffusion from the sample surface into the clusters of the nano-grains characterized by the effective diffusivity D eff , whereas c 3 ðy; tÞ ¼ q 5 expðÀq 6 y 6=5 Þ represents the amount of tracer which diffuses along inter-agglomerate boundaries with subsequent outdiffusion into the agglomerates.
Under these conditions the inter-agglomerate boundary diffusion problem is mathematically identical to the standard GB diffusion problem characterized by the 'GB diffusivity' P 00 a ¼ a Á D a and the effective 'bulk diffusivity' D eff . The parameters that define this regime are:
The diffusivity of the inter-agglomerate boundaries can be calculated as:
Summarizing, the conditions of the A-B diffusion regime in the two-scale structure are determined by the relations:
Here L gb ¼ ffiffiffiffiffiffiffiffiffi ffi D eff t p is the diffusion length with respect to the agglomerate interior in the A regime. Experimentally these conditions were satisfied for Fe diffusion in nano--Fe-Ni, 39) Fig. 16.
Transition regime AB and subregime AB-B
If the conditions of the A diffusion regime are not strictly satisfied and the volume diffusion penetration ffiffiffiffiffiffiffi D v t p is about the grain size d, a transition regime AB can be defined.
38) The strict condition of the transition AB regime are: 0:3 < . 38) Then, the penetration profile in a two-scale material is composed of two parts:
The GB diffusivity can then be calculated from the first part of the penetration profiles as: 
The product P 
GB diffusion in nanocrystalline Fe-Ni alloy
Using the derived mathematical treatment, eqs. (15)- (37), Ni and Fe diffusion in the two-scale nanocrystalline -Fe-Ni alloy was measured with the radiotracers 63 Ni and 59 Fe and subsequently analyzed. 39, 40) In the case described, Ni diffusion along nanocrystalline GBs was measured in the C, B, and AB conditions, with the GB diffusivity D gb measured directly in the C and AB regimes and the product P ¼ Á D gb determined in the B regime. Summarizing all results derived in different regimes of GB diffusion and assuming ' 0:5 nm, the temperature dependence of the GB-diffusion coefficient D gb in the nanocrystals is plotted in Fig. 18 . Different symbols are used to distinguish between the different regimes. Although quite different shapes of the penetration profiles were observed in different regimes and the profiles were processes in different ways, the whole set of data reveals a good systematics and the following summarizing Arrhenius dependence can be derived:
Since Ni GB diffusion in coarse-grained -Fe-Ni alloys has not been measured, the diffusivity of nanocrystalline GBs can be compared with Ni GB diffusion in coarse-grainedFe 44, 45) (Fig. 18) . While Ni bulk diffusion was found to depend only slightly on the composition of the -FeNi alloys and is similar to Ni diffusivity in pure -Fe, 46) a similar trend is expected also for GB diffusion in such alloys. Figure 18 suggests that Ni GB diffusivity in nanocrystalline GBs of the -Fe-40 mass%Ni alloy is close to that in conventional coarse-grained -Fe. The same feature was observed for Fe GB diffusion in nanocrystalline -Fe-40 mass%Ni. 39) The temperature dependence of Ni inter-agglomerate boundary diffusion D a is also presented in Fig. 18 . The inter-agglomerate boundary width a was taken as a ' 1 nm. The different symbols are used to distinguish between the data derived in different GB diffusion regimes. The whole set of data can be approximated by the following Arrhenius dependence:
Inter-agglomerate boundary diffusion is orders of magnitude faster than Ni GB diffusion along nanocrystalline GBs while the corresponding activation enthalpy Q a is smaller.
The difference between D gb and D a was explained by the relaxed state of the nanocrystalline GBs and a non-equilibrium character of the inter-agglomerate boundaries 39, 40) resulting from the specific preparation method of the nanocrystalline -Fe-Ni alloy which allowed growth of the nano-grains from about 20 to about 100 nm of the grain diameter during the heat treatment of the powder sintered.
Conclusions
GB diffusion measurements are shown to represent a powerful tool for studying GB equilibrium segregation in true dilute (Henry) limit. At present there exist already ample information on equilibrium segregation of different solutes in Cu and Ag.
GB diffusion measurements on bicrystals yield specific and unique information on linear and non-linear segregation behavior. Compiling a large body of experimental data concerning Ag GB diffusion in high-purity polycrystalline Cu, Cu-Ag polycrystalline alloys, and in Cu bicrystals allowed to extract the corresponding segregation isotherm from GB diffusion data.
Combination of GB diffusion measurements in pure and alloyed metals and in pure and pre-alloyed bicrystals allowed to draw justified conclusions and to distinguish the effects of moving boundaries, non-linear segregation, and a hypothetical variation of the GB diffusivities D gb .
Harrison's classification scheme of GB diffusion regimes was extended including two-scale nanocrystalline materials. Rigorous application of the derived mathematical treatment allowed to extract the GB diffusivity of both nanocrystalline and inter-agglomerate boundaries from the results of radiotracer measurements in the two-scale nanocrystalline -FeNi alloy.
There are further crucial developments in the field of GB diffusion research which were not directly addressed here but are of prime importance. In following they will be briefly presented. GB diffusion in intermetallic compounds. Considerable progress was recently achieved in GB diffusion in ordered intermetallics. However, GB diffusion is still investigated to a much smaller extent than bulk diffusion. Experimental information is available already for Ni-, [47] [48] [49] [50] Ti-, 51) and Fe- 52) aluminides and a few other compounds, e.g. Ni 2 Si, 53) Ni 2 Si 5 and CoSi 2 .
54) The effect of composition on GB diffusion in intermetallic compounds, which accommodate large deviations from the stoichiometric composition, was carefully studied in Ni- 47, 55) and Ti- 51) aluminides. While in Ni 3 Al and Ti 3 Al a remarkable compositional dependence of both the triple product P and the activation enthalpy Q gb was observed, such a dependence was in the limits of experimental uncertainties in equiatomic NiAl and TiAl in the studied compositional intervals. Moreover, GB diffusion was slowest in stoichiometric Ni 3 Al, whereas Al-richest Ti 3 Al alloys reveal the smallest GB diffusivity P and the largest activation enthalpy Q gb . These features still wait for a reliable explanation from an atomistic point of view. Other feature, which should be explained, is the large ratio of the activation enthalpies of GB and bulk diffusion, which can amount up to 0.9 and even higher. 51, 54) Recently, experimental data on GB diffusivity of interphase boundaries in technologically important polysynthetically twinned (PST) TiAl alloy were obtained. 56) Titanium diffusion along the 2 = boundaries turned out to be similar to the Ti GB diffusivity of the Al-richest 2 -Ti 3 Al phase and by two orders of magnitude smaller than Ti GB diffusion in the -TiAl. 56) This effect was explained by the specific atomistic structure of the 2 = interfaces. 57) Our general understanding of GB diffusion in intermetallic compounds has still to be improved on the atomistic level in many details. For example, particular diffusion mechanisms in GBs, the effect of the order and of structural multiplicity are not well elucidated. 58) It is not clear if the local disorder at GBs occurs by the same mechanism as in the bulk, i.e. by means of anti-structure atoms or structural vacancy formation. 58) GB phase transitions. It was recently recognized that the phase transitions in GBs may reveal their own specific features. 59, 60) GB wetting phase transition occurs for some systems in the liquid-solid two-phase area of the bulk phase diagram. Above the given temperature (the wetting temperature) a GB cannot exist in equilibrium with the liquid and the liquid phase substitutes the GB and separates the two grains. 60) Most prominent examples of such behavior are the Cu-Bi and Al-Ga systems. It was suggested that below the solidus prewetting phenomena may occur that can drastically influence the GB diffusivity in such systems. 59) Systematic GB diffusion measurements are required to prove the predictions of the prewetting theory.
Atomistic mechanisms of GB diffusion. Remarkable progress was recently achieved in our understanding of underlying mechanisms of GB diffusion in pure metals. Both, vacancies and interstitials were found to be formed in a GB core, with vacancy delocalization and instability at certain GB positions being important features. 61, 62) Different atomistic mechanisms were established for a GB: a vacancy can move by single-atom exchanges or perform collective jumps which involves several atoms. Even defect-free ring displacements of several atoms in a GB core were observed. 62) Interstials move predominantly by the interstitialcy mechanism involving several atoms. 62) However, the calculation of the GB diffusivity as a function of misorientation in comparison with available experimental data presents still a challenging problem.
